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Fluorescence microscopyoviding ATP for cellular functions via oxidative phosphorylation,mitochondria also
play a critical role in initiating and/or regulating apoptosis through the release of proteins such as cytochrome c
from intermembrane and intracristal compartments. Themechanism bywhich these proteins are able to cross
the outer mitochondrial membrane has been a subject of controversy. This paper will review some recent
results that demonstrate that innermitochondrial membrane remodeling does occur during apoptosis in HeLa
cells but does not appear to be a requirement for release of cytochrome c from intracristal compartments. Inner
membrane remodeling does appear to be related to fragmentation of themitochondrialmatrix, and the form of
the remodeling suggests a topological mechanism for inner membrane ﬁssion and fusion.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionOur work along with that of others employing three-dimensional
electron microscope tomography has established the crista junction
paradigm of mitochondrial structure in which the inner membrane
has a more complicated conformation than that depicted in earlier
models and popularized in textbooks. The crista junction paradigm
describes the conformation of the inner membranewith two principal
components, the inner boundary membrane (IBM) closely apposed to
the outer membrane and the crista membrane projecting into the
matrix compartment of the mitochondrion and joined to the IBM by
tubular crista junctions (CJ's). CJ's have variable length but relatively
constant diameter in mitochondria within healthy cells of a variety of
cell types [1–4]. Thus, the inner membrane is divided into two
topologically distinct components, and these may be associated with
different mitochondrial functions with electron transport and energy
transduction concentrated in the crista membranes and communica-
tion between the matrix and the cytosol through the IBM at contact
sites with the outer membrane. Functional compartmentation of
electron transport and ATP synthesis to the cristae membrane is
supported by electron microscopy of mitochondria employing a
histological staining procedure for cytochrome c oxidase activity and
by immuno-electron microscopy employing antibodies to Complex III
or the ATP synthase [1,5]. Diffusion modeling studies based upon the
three-dimensional structures of cristae and crista junctions and the
maximal rates of electron transport and ATP synthesis suggest that the).
l rights reserved.restricted communication between intracristal spaces and the inter-
membrane space may result in diffusion gradients of some molecules
such as the adenine nucleotides [6].
Although the lengths of the tubular portions of crista junctions
varies considerably among mitochondria from diverse sources, the
diameters of crista junctions are remarkably uniform in mitochondria
observed in situ in different cells and tissues among various organisms
[7–9]. Our earlier work sought to explain this uniformity as arising
from the fact that the crista junction shape and size is a thermo-
dynamically stable structure, but these studies ignored the possible
contributions of proteins in regulating the conformation of the inner
membrane including the sizes of crista junctions [10]. Such proteins
include the dynamin-related proteins, particularly OPA1 whose yeast
homolog is called mgm1p [11,12].
2. Mitochondria and apoptosis
As the crista junction model was developed, we naturally became
interested in the role of mitochondria during apoptosis and in possible
structural changes that might accompany the release of cytochrome c
and other proteins from the compartments between the inner
membrane and the outer membrane; these are the intermembrane
space and the intracristal spaces. Cytochrome c released to the cytosol
binds to APAF1 forming the apoptosome that activates a sequence of
proteolytic enzymes called caspases initiating one branch of the
apoptosis pathway. Although the critical role of mitochondria in this
process in not disputed, the mechanism by which cytochrome c is
released remains controversial [13,14]. An attractive early model
suggested that the mitochondrial permeability transition during which
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would causemassive swellingof themitochondrialmatrix rupturing the
outer membrane releasing cytochrome c. An alternative mechanism
proposed the formation of large pores in the outer membrane through
which cytochrome c and other intermembrane space proteins could be
released, andwork in various labs suggested that pro-apoptotic proteins
of theBcl-2 familyparticipate in the formationof suchapore [15]. A third
mechanism builds upon the second suggesting that “remodeling” of the
inner membrane is required to increase CJ size facilitating release the
majority of cytochrome c, up to 85%, that resides within the intracristal
spaces [16,17]. Studies in various experimental systems under different
conditions to induce mitochondrial outer membrane permeabilization
(MOMP) and apoptosis have yielded results to support each of the three
proposed mechanisms.
3. Microscopic studies of MOMP
The difﬁculty in studying MOMP within live cells during apoptosis
is that the light microscopic techniques that can follow cytochrome c
release do not have sufﬁcient resolution to monitor ultrastructural
changes in the inner membrane conformation, while electron
microscopy and electron tomography techniques that can characterize
ultrastructural changes can only sample one time point as the
specimen preparation procedures and/or electron illumination kill
the specimen. Furthermore, in most cell culture models of apoptosis,
release of cytochrome c takes only minutes but is asynchronously
initiated among a population of cells over a period of many hours
[18,19]. Thus, one cannot initiate apoptosis and know with any
conﬁdence the physiological state of the mitochondria within a cell
examined by electron microscopy at a particular later time point. In
order to overcome these limitations, we sought to combine ﬂuores-
cence light microscopy using suitable labels, ﬂuorescent cytochrome c
fusion proteins and ﬂuorescent dyes to monitor membrane potentialFig. 1. Fluorescence Confocal Light Microscopy of HeLa cells before and during apoptosis initia
FlAsH to reveal the distribution of cytochrome c at the start of the experiment. (b) The same
potential as indicated by punctate staining. Cells are numbered 1–4 to facilitate comparisonw
localized to mitochondria. (d) Fluorescence of Cytc-4Cys-FlAsH in the same ﬁeld of cells as (a
following 16 h of exposure to etoposide; cells are numbered to facilitate identiﬁcation. (f) L
ﬁxation, dehydration, embedding, and sectioning.and/or the permeability transition, with electron microscopy and
three-dimensional electron tomography in order to characterize the
inner membrane ultrastructure of the identical cells. By selecting
different cells at various stages of the process using ﬂuorescence light
microscopy and then examining the same cells by three-dimensional
electron tomography, we could add the extra dimension of time –
measured as the stage of the process – to follow the ultrastructural
changes in a form of virtual four-dimensional electron microscopy.
We chose HeLa cells permanently transfected with a cytochrome c
fusion construct, Cytc-4Cys, that added a 20 amino acid residue peptide
containing a tetracysteine hairpin that binds biarsenical ﬂuorophores,
FlAsH or ReAsH [18,20]. The mitochondria were also stained with TMRE
to monitor maintenance of a membrane potential, and in some
experiments the mitochondria were loaded with Calcein-AM whose
release could be observed following a permeability transition [21]. The
adherent HeLa cells were grown in Petri dishes containing a glass
coverslip etchedwith a grid allowing us to return to the sameﬁeld of cells
hours after initiation of apoptosis with Etoposide or other chemical
agents and characterize the physiological state of the mitochondria. The
identical cells could then be ﬁxed, dehydrated, and embedded for
examination by electron microscopy of thin sections or electron tomo-
graphy of semi-thick sections. We conﬁrmed by Western blot for native
cytochrome c that HeLa cells treated with etoposide release cytochrome
c, and that half of the cytochrome c is released after 16–18 h [22]. Our
results and those of others show that ﬂuorescently labeled cytochrome c
is released fromallmitochondria in a cellwithinminutes [18,19,22]. Thus,
each cell begins to release cytochrome c at some point over a 12–20 h
period, and at 16–18 h roughly half of the cells have released all of their
cytochrome c, while the other half have not released any.
Typical results are shown in Fig. 1 displaying a ﬁeld of HeLa cells at
the beginning of the experiment in a–c and the same cells after 16 h of
exposure to etoposide in d–f. Punctate staining of Cytc-4Cys labeled
with green FlAsH in Fig. 1a coincides with punctate TMRE staining ofted with etoposide. (a) A ﬁeld of HeLa cells transfected with Cytc-4Cys and labeled with
ﬁeld of cells showing partition of TMRE within mitochondria that maintain a membrane
ith the identical cells in c–e. (c) An overlay of (a) and (b) demonstrating that Cytc-4Cys is
) but after 16 h of exposure to etoposide. (e) TMRE ﬂuorescence of the same cells as (d)
ow magniﬁcation electron micrograph of the same ﬁeld of cells (numbered) following
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shown in the overlay of the two images in Fig.1c. In deﬁning the stages
of apoptosis, we designate these cells as Stage 1 because their
mitochondria: (a) have not released cytochrome c and (b) maintain a
membrane potential. The same cellswere examined16h later in Fig.1d
and e, and we see that the mitochondria within all of these cells have
released cytochrome c as the Cytc-4Cys-FlAsH staining is diffuse. The
mitochondria in cell 4 (Fig. 1d) maintain a membrane potential
indicated by punctate TMRE staining, and cells of this type are
designated as Stage 2 because the mitochondria: (a) have released
cytochrome c and (b) maintain a membrane potential. Finally, cells 2
and 3 have mitochondria that have: (a) released cytochrome c and (b)
lost theirmembranepotential; these aredesignated Stage 3. As deﬁned
byﬂuorescencemicroscopy, the time course of the apoptosis process in
this system proceeds through these three stages in numerical order:
Stage 1 ➜ Stage 2 ➜ Stage 3. With etoposide treatment we do not
observe cells whose mitochondria have lost their membrane potential
but retain cytochrome c. Fig. 1f shows a low magniﬁcation electron
micrograph of the identical cells following ﬁxation, dehydration,
embedding, and sectioning, and higher magniﬁcation electron micro-
graphs of these cells and of many others were used to characterize the
changes in mitochondrial ultrastructure during the three stages of
apoptosis identiﬁed by ﬂuorescence microscopy.
4. Inner membrane remodeling
Upon examining HeLa cells in Stage 2 and Stage 3, we observed
dramatic changes in mitochondrial ultrastructure that included re-Fig. 2. Highmagniﬁcation electronmicrographs ofmitochondria displaying ultrastructure chan
(b) Normal/Vesicular mitochondrion during inner membrane remodeling accompanying or fo
following inner membrane remodeling (Stage 2). (d) Vesicular/Swollen mitochondrion foll
mitochondrion (Stage 3).modeling of the inner membrane conformation to a form we've called
vesicular and swelling of the matrix; intermediate forms, normal/
vesicular and vesicular/swollen were also observed. Examples of
mitochondria exhibiting these changes are displayed in Fig. 2 along
with the normal conformation. Characterization of the structure of the
vesicular forms required the third spatial dimension provided by
electron tomography, which revealed that the matrix that is one
contiguous compartment in normal mitochondria is fragmented in
vesicular mitochondria forming separate vesicular matrix compart-
ments. This is demonstrated in the three-dimensional models derived
from electron tomograms in Fig. 3.
The inner membrane remodeling from normal to vesicular forms
eliminates the intracristal compartments and would indeed facilitate
the release of cytochrome c as proposed by Scorrano et al. who
identiﬁed a form of inner membrane remodeling characterized by
enlarged and elongated CJ's in puriﬁed rat liver mitochondria treated
with tBid to induce MOMP [17]. The essential question is whether this
remodeling is required to release all of the cytochrome c from cristae.
We set out to illuminate this question by quantitating the changes
among hundreds of mitochondria within multiple cells in each of the
three stages in a double blind fashion. The results published by Sun
et al. strongly suggest that during or following the release of
cytochrome c from mitochondria in HeLa cells but prior to loss of
membrane potential – i.e. those in Stage 2 – a large proportion of
mitochondrial inner membranes remodel to form separate vesicular
matrix compartments. It is signiﬁcant, however, that a majority of
mitochondria in Stage 2 cells maintain a normal structure. In Stage 3
cells a majority of mitochondria appear swollen, and many of theseges in HeLa cells during apoptosis. (a) Normalmitochondrionprior to apoptosis (Stage 1).
llowing release of cytochrome c in apoptotic cells (Stage 2). (c) Vesicular mitochondrion
owing release of cytochrome c and loss of membrane potential (Stage 3). (e) Swollen
Fig. 3. Three-dimensional models of mitochondria derived by segmentation of electron tomograms showing changes in ultrastructure during apoptosis in HeLa cells. The outer
membrane is rendered in blue and the IBM, where present, in white. Individual cristae and vesicular matrix compartments are rendered in various colors. (a) Normal mitochondrion
in a HeLa cell (Stage 1). (b) Normal/Vesicular mitochondrion (Stage 2). (c) Vesicular mitochondrion (Stage 2). (d) Vesicular/Swollen mitochondrion (Stage 3). (e) Swollen
mitochondrion (Stage 3).
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3 occurs after release of cytochrome c and could not be the cause of the
release of proteins from mitochondria. This did not change in Stage 3
cells that had also been treated with Cyclosporin A to inhibit the
mitochondrial permeability transition, suggesting that the permeability
transition was not a direct cause of the swollen morphology [22].
Induction of apoptosiswith ActinomycinD also led to remodeling of the
inner membrane to the vesicular form, but to a much smaller extent,
generally less that 10%, as was the case when the extrinsic apoptotic
pathway was induced with Fas ligand [23]. Furthermore, induction of
apoptosis in Jurkat cells by treatment with etoposide rarely produces
either vesicular or swollen mitochondria [24] (Nagarajan and Frey,
unpublished). Finally, etoposide treatment of HeLa cells in the presence
of the general caspase inhibitor, zVAD-fmk, completely inhibits inner
membrane remodeling including maintenance of CJ size but does not
prevent release of cytochrome c. Thus, we conclude that cytochrome c
can be released from the intracristal compartments without inner
membrane remodeling, and that formation of vesicular matrix
compartments is probably a consequence of rather than a cause of
cytochrome c release. This is in agreement with a diffusion modeling
study that indicated cytochrome c could diffuse through CJ's with inner
diameters of 14 nm within 1–2 min [25] and by an earlier study by
Bernardi and Azzone showing that all cytochrome c within puriﬁed
mitochondria could be reduced by external NADH via the outer
membrane enzyme cytochrome b5 within a similar period of time [26].
It is important to keep in mind that these results come from a
particular type of cell treated with a speciﬁc reagent, etoposide, and
may not be completely representative of all programmed cell death in
all cell types. Indeed, HeLa cells treated with hydrogen peroxide to
increase reactive oxygen species as occurs during ischemia reperfusion
injury resulted in a mitochondrial permeability transition and large
amplitude swelling that preceded release of cytochrome c. In this case,
treatment with Cyclosporin A prior to hydrogen peroxide in order to
inhibit the permeability transition also inhibited swelling and led to
formation of a signiﬁcant number of vesicular mitochondria [23].
Furthermore, Scorrano et al. reported remodeling of the inner mem-
branes of puriﬁed rat mitochondria in response to treatment withtruncatedBid (tBid) that inducesMOMPand release of cytochrome [17].
The nature of the remodeling they observed is quite different; rather
than ﬁssion of the inner membrane into individual vesicular matrix
compartments they observed a fusion of cristae into an interconnected
cristae network. A common feature of their structure and ours is the
enlargement and elongation of crista junctions that they reported is
required for efﬁcient and complete release of cytochrome c from the
intracristal compartments in contradiction to our results. In a
subsequent publication Frezza et al. attribute the changes to disruption
ofOPA1oligomers–that normallymaintain cristae shape–by tBid [16]. It
is not clear why the nature of the remodeling that they observe differs
from ours, but it may reﬂect the different species of mitochondria and/
or the fact that their puriﬁed mitochondria are removed from the
cellular context.
5. Discussion
Threequestions emerge from these results, andwepropose answers
to each:
5.1. What is the cause of inner membrane remodeling?
Inhibition of inner membrane remodeling when caspases are
inhibited by zVAD-fmk suggests that active caspases may be the
immediate cause of remodeling. They could and presumably do enter
the intermembrane space following the same MOMP that releases
mitochondrial proteins. Active caspases have been shown to have an
inner membrane substrate target, the p75 subunit of Complex I [27],
and could have other substrate targets that regulate inner membrane
conformation.
5.2. If the formation of separate vesicular matrix compartments is not
required for release of cytochrome c, does it have another function or
signiﬁcance?
In many normal healthy cells mitochondria are either elongated
structures or form an interconnected mitochondrial reticulum
851T.G. Frey, M.G. Sun / Biochimica et Biophysica Acta 1777 (2008) 847–852undergoing constant fusion balanced by ﬁssion, and upsetting this
balance can lead tomitochondrial dysfunction [28–30]. This balance is
upset in favor of mitochondrial ﬁssion during apoptosis leading to
fragmented mitochondria [31–33]. Inner membrane remodeling to
form vesicular matrix compartments effectively fragments the matrix,
and mitochondrial fragmentation then requires only ﬁssion of the
outer membrane.
5.3. How do mitochondria with lamellar cristae connected to the IBM via
tubular crista junctions transform to vesicular matrix compartments?
A topologically simplemechanism for the transformation of normal
mitochondria into vesicular mitochondria is modeled in Fig. 4 along
with three-dimensional models derived from electron tomograms of
mitochondria that we believe represent the steps of the structural
changes in this transformation. The three-dimensional conformation
of the innermembrane ismodeled in the images on the left in Fig. 4a,b,
c,dwith the IBM in translucent light blue and the cristaemembranes in
opaque yellow; the top and the bottom of the IBM are omitted for
clarity. In Fig. 4a we have modeled two lamellar cristae with the upper
crista connected to the IBM via four short tubular crista junctions and
the bottom crista via three. This is compared to an image on the right of
a three-dimensional model from a tomogram of a mitochondrion
exhibiting normal morphology with discrete crista junctions. As the
remodeling proceeds in Fig. 4b, the crista junctions elongate around
the perimeter of the lamellar cristae and fuse when they meet one
another. The image to the right in Fig. 4b is from a mitochondrion in a
Stage 1 cell that has been exposed to etoposide for 16 h and appears to
be in the early stages of remodeling as it displays the elongated crista
junctions predicted in the model to the left. Elongation and fusing of
the crista junction proceeds as shown in Fig. 4c until the elongation
circumnavigates the lamellar cristae as shown in Fig. 4d. This frag-
ments the matrix into three vesicular matrix compartments, and theFig. 4. Topological model of the structural transformation from normal mitochondria (Fig.
Sketchup and display the inner boundary membrane in translucent blue and cristae membra
are not shown for clarity. (a) Normal mitochondrion with two cristae; the upper crista is
diameter and the lower crista by three crista junctions. The model to the right shows a mito
uniform size with the outer membrane rendered in translucent blue, the IBM in white, and
colors of their cristae. (b) Crista junctions have elongated around the perimeter of the lamella
crista. The model to the right shows a mitochondrion in a Stage HeLa cell treated with etopo
displays elongated crista junctions (c.f. the blue crista and CJ's at the upper end) as predicted b
the edge of the cristae. (d) Elongation of the fused crista junctions has circumnavigated the cri
right is a vesicular mitochondrion in a Stage 2 cell reconstructed by electron tomography.cristaemembrane combineswith the IBM to formvesicles. We suggest
that this mechanism represents the normal process of inner mem-
brane ﬁssion duringmitochondrial ﬁssion, but in normal cells this only
occurs at the site of outer membrane ﬁssion with the processes
somehowcoordinated. In apoptoticHeLa cells, innermembraneﬁssion
apparently occurs in an uncontrolled fashion throughout the mito-
chondrion producing separate vesicular matrix compartments.
A natural follow on question is “Are vesicular mitochondria
observed under other conditions?” The answer is a qualiﬁed yes. An
excellent example of vesicular mitochondria is found in muscle tissue
of a mouse model of Bethlehem myopathy, a muscle disease resulting
frommutations in collagenVI, reported by Irwin et al. (see their Fig. 2d)
[34]. Other examples result from down-regulation of the dynamin-
related protein, OPA1 (mgm1p in yeast) found in the inner mitochon-
drial membrane [35], leading to mitochondrial fragmentation and
disruption of normal crista structure [36] that in some cases resembles
vesicular mitochondria (see Fig. 6a in Griparic et al.[37]). The
relationship between vesicular mitochondria and aberrant mitochon-
drial fusion/ﬁssion is strengthened in a study by Chen et al. showing
that inhibition of mitochondrial fusion leads to a vesicular mitochon-
drial phenotype and loss of mitochondrial nucleoids. This conﬁrms the
importance of exchange of mitochondrial contents for proper
mitochondrial function [38].
OPA1/mgm1p has been shown to be critical for mitochondrial
inner membrane fusion, but what role does it play in inner membrane
ﬁssion? It has been suggested that OPA1/mgm1p regulates inner
membrane conformation and more speciﬁcally the size and shape of
crista junctions [11,39–41]. Therefore, it is not surprising that loss of
OPA1/mgm1p function might lead to loss of crista junction shape and
the elongation of crista junctions modeled in Fig. 4 that leads to
formation of individual vesicular matrix compartments. OPA1 is
known to be released from mitochondria during apoptosis [42,43],
presumably following MOMP, and this release might be stimulated by3a) to Vesicular mitochondria (Fig. 3c). Hypothetical models were created in Google
ne in opaque yellow. The outer membrane and the top and bottom of the mitochondrion
connected to the inner boundary membrane by four short crista junctions of uniform
chondrion reconstructed by electron tomography displaying discrete crista junctions of
cristae in various colors with crista junctions seen as discrete regions on the IBM in the
r cristae and fused when they meet to form two elongated crista junctions in the upper
side for 16 h reconstructed by electron tomography and rendered as the model in 4a; it
y the model to the left. (c) Crista junctions have elongated fused most of theway around
stae fragmenting thematrix into three vesicularmatrix compartments. Themodel to the
852 T.G. Frey, M.G. Sun / Biochimica et Biophysica Acta 1777 (2008) 847–852activation of caspases that enter mitochondria following release of
cytochrome c. This would explain the inner membrane remodeling
forming vesicular matrix compartments as well as the inhibition of
remodeling by the caspase inhibitor, zVAD-fmk. It is signiﬁcant that
Merkwirth et al recently reported that deletion of Phb2, one of two
isoforms of Prohibitin, from mouse embryonic ﬁbroblasts increased
their susceptibility to apoptosis and produced mitochondria with the
vesicular phenotype. They further demonstrated that deletion of Phb2
resulted in loss of the long OPA1 isoforms that are presumably
required for maintenance of crista size and shape [44]. We hy-
pothesize that inner membrane fusion catalyzed by OPA1/mgm1p
proceeds by the reverse of the mechanism modeled in Fig. 4 upon
creation of crista junctions by OPA1/mgm1p. This hypothesis could be
tested by electron tomography using the in vitromitochondrial fusion
system developed by Nunnari's group looking for intermediates
similar to those we have observed during inner membrane remodel-
ing during apoptosis in HeLa cells.
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